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RECEIVER WHICH DEMODULATES OFDM 
SYMBOL 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention generally relates to a tech 
nology for demodulating a received signal, and particularly 
relates to a receiver for demodulating a signal Which is 
transmitted by the Orthogonal Frequency Division Multi 
pleXing (OFDM) method (or an OFDM signal or symbol). 

[0003] 2. Description of the Related Art 

[0004] In Wideband Wireless communications, or the neXt 
generation mobile communications currently being studied 
Within the technical ?eld, a system Which provides for a 
multi-path propagation environment needs to be built. The 
multi-carrier modulation method suppresses an effect of 
selective frequency fading, Which becomes particularly 
problematic in the multi-path propagation environment, by 
using a plurality of carriers (or sub-carriers) in a predeter 
mined transmission band so as to transmit signals in parallel. 
The OFDM method in particular adds a Guard Interval (GI) 
betWeen symbols Which are effective. Hereby, for a multi 
path delayed Wave Within the GI duration, effective sup 
pression, of inter-symbol interference, modulation Without 
using equalization, and effective handling of the multi-path 
fading are enabled. On the other hand, the delay spread 
differs greatly from one communications environment to 
another. For eXample, even if the delay amount Were about 
0.2 to 2.0 ps in an urban area, it may reach 10 to 20 us in a 
hilly terrain or a basin. Therefore, from such a point of vieW, 
a guard interval having a length Which is suf?ciently long to 
subsume all delayed Waves Which arrive folloWing the 
preceding Wave should be set up. 

[0005] HoWever, as the guard interval is a redundant 
symbol, there is a need to maintain the ratio betWeen the 
guard interval and the effective symbol duration at a prede 
termined level or above by increasing the Whole OFDM 
symbol duration so as not to decrease the transmission 
ef?ciency While setting the long guard interval. HoWever, as 
the OFDM symbol length is increased, the fading Within one 
symbol duration Will no longer be constant so that it Will be 
less immune to fading. Furthermore, With the increase in the 
OFDM symbol duration (T-S), the sub-carrier spacing (Af= 
1/T-S) Will become smaller so that it Will be less immune to 
Doppler shift and also the peak-to-average poWer ratio Will 
increase (a performance degradation due to non-linear dis 
tortion Will take place). Therefore, it is common to set up the 
guard interval having an appropriate length so as to sepa 
rately perform some compensation for the delayed Wave 
Which arrives at a delay exceeding the guard interval dura 
tion. 

[0006] In the Non-Patent Document 1, at the time of the 
Fast Fourier Transform (FFT) in the demodulation process 
ing, ?ltering is performed in the time domain on the portion 
causing interference and a Maximum-Likelihood Sequence 
Estimation (MLSE) is performed, in order to suppress the 
ISI (Inter-Symbol Interference) Which affects the Whole 
band used (refer to Patent Document 1 for an eXample of 
other related-art methods). 
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[0007] Non-Patent Document 1 

[0008] Suyama, “OFDM reception method in multi-path 
environment having delay pro?le eXceeding guard interval”, 
Technical Report of the Institute of Electronics, Information 
and Communication Engineers RCS 2001-175, November 
2001 

[0009] Patent Document1 

[0010] JP11-298434A 

[0011] HoWever, according to a technology such as dis 
cussed in Non-Patent Document 1, a Viterbi equaliZer hav 
ing M2 states (Where M is a modulation indeX) is needed per 
sub-carrier. Therefore, the method is disadvantageous from 
such points of vieW as circuit siZe, computational complex 
ity, and poWer consumption of the receiver. It is particularly 
disadvantageous for use in a mobile communications device 
Which needs to be kept small. 

[0012] Incidentally, a study is currently underWay on a 
communications system Which seeks to improve the signal 
transmission ef?ciency using an adaptive modulation. As the 
provision of a receiver circuit Which is adapted to the largest 
modulation indeX M is needed When the related-art technol 
ogy is used in the communications system, the related-art 
method is also disadvantageous from the point of vieW that 
embedding in the adaptive modulation system is difficult. 

[0013] Furthermore, the related-art method is also disad 
vantageous as a hard decision of a demodulated signal is 
made by performing the MLSE so that, likelihood informa 
tion for the soft-decision information, is lost and the error 
correction technology cannot be utiliZed 100%. 

SUMMARY OF THE INVENTION 

[0014] It is a general object of the present invention to 
provide a technology for demodulating a received signal that 
substantially obviates one or more problems caused by the 
limitations and disadvantages of the related art. 

[0015] In vieW of the above points, it is a more particular 
object of the present invention to provide a receiver for 
demodulating a signal Which is transmitted by the Orthogo 
nal Frequency Division Multiplexing (OFDM) method (or 
an OFDM signal or symbol). 

[0016] According to the invention, a receiver Which 
demodulates an OFDM symbol transmitted by an OFDM 
method includes a delay pro?le generation unit Which gen 
erates a delay pro?le regarding a preceding Wave and a 
delayed Wave Which are included in a received signal, a 
demodulation unit Which demodulates the received signal so 
as to output a demodulated signal per sub-carrier, a hard 
decision unit Which makes a hard decision per sub-carrier on 
a signal point based on the demodulated signal so as to 
output a hard-decision signal, a replica generation unit 
Which uses the hard-decision signal to generate a replica 
signal per sub-carrier, and an inter-carrier interference sup 
pression unit Which adds a difference betWeen the hard 
decision signal and the replica signal to said demodulated 
signal so as to suppress inter-carrier interference, Wherein 
the replica generation unit includes a time-domain received 
signal generation unit Which inverse-Fourier transforms the 
hard-decision signal so as to generate a received signal in the 
time domain, a signal component suppression unit Which 
suppresses, by using a preceding symbol that is an already 
demodulated OFDM symbol Which precedes a target 
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demodulating symbol that is a target OFDM symbol to be 
demodulated, a signal component of the preceding symbol 
Which is included in the delayed Wave, a modi?ed received 
signal generation unit Which adds, before the target demodu 
lating symbol in the delayed Wave, a portion of the received 
signal in the time domain, and a replica signal generation 
unit Which generates the replica signal by Fourier-transform 
ing the modi?ed received signal. 

[0017] The receiver Which demodulates the OFDM sym 
bol transmitted by the OFDM method as described above 
enables the provision of a receiver Which reduces the 
inter-symbol interference Which is caused by the delayed 
Wave Which arrives With a delay eXceeding the guard 
interval in the OFDM symbol. Furthermore, the provision of 
a receiver Which has a small-siZed demodulation circuit and 
the maintenance of the soft-decision information at the time 
of the demodulation are enabled. 

[0018] According to another aspect of the invention, a 
receiver Which demodulates an OFDM symbol transmitted 
by an OFDM method includes a delay pro?le generation unit 
Which generates a delay pro?le regarding a preceding Wave 
and a delayed Wave Which are included in a received signal, 
a signal component suppression unit Which suppresses by 
using a preceding symbol that, is an already-demodulated 
OFDM symbol Which precedes a target demodulating sym 
bol that is a target OFDM symbol to be demodulated a signal 
component of the preceding symbol Which is included in the 
delayed Wave, a demodulation unit Which demodulates the 
received signal so as to output a demodulated signal per 
sub-carrier, a hard-decision unit Which makes a hard deci 
sion per sub-carrier on a signal point based on the demodu 
lated signal so as to output a hard-decision signal, a replica 
generation unit Which uses the hard-decision signal to gen 
erate a replica signal per sub-carrier, and an inter-carrier 
interference suppression unit Which adds the difference 
betWeen the hard-decision signal and the replica signal to the 
demodulated signal so as to suppress inter-carrier interfer 
ence, Wherein the replica generation unit includes a time 
domain received signal generation unit Which inverse-Fou 
rier transforms the hard-decision signal so as to generate a 
received signal in the time domain, a modi?ed received 
signal generation unit Which adds, before the target demodu 
lating symbol in the delayed Wave, a portion of the received 
signal in the time domain, and a replica signal generation 
unit Which generates the replica signal by Fourier-transform 
ing the modi?ed received signal. 

[0019] The receiver Which demodulates the OFDM sym 
bol transmitted by the OFDM method as described above 
enables the provision of a receiver Which reduces the 
inter-symbol interference Which is caused by the delayed 
Wave Which arrives With a delay eXceeding the guard 
interval in the OFDM symbol. Furthermore, the provision of 
a receiver Which has a small-siZed demodulation circuit and 
performs the maintenance of the soft-decision information at 
the time of the demodulation is enabled. 

[0020] Other objects and further features of the present 
invention Will become apparent from the folloWing detailed 
description When read in conjunction With the accompany 
ing draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 is a functional block diagram of a receiver 
according to a ?rst embodiment of the present invention; 
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[0022] FIG. 2 is a timing chart of an eXample of a received 
signal; 
[0023] FIG. 3 is a functional block diagram of a receiver 
according to a second embodiment of the present invention; 

[0024] FIG. 4 is a schematic diagram of a variation of a 
hard-decision unit; 

[0025] FIG. 5 is a schematic diagram of another variation 
of a hard-decision unit; 

[0026] FIG. 6 is a functional block diagram of a receiver 
according to a third embodiment of the present invention; 
and 

[0027] FIG. 7 is a diagram Which illustrates a simulation 
result according to a related-art eXample and embodiments 
of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0028] In the folloWing, embodiments of the present 
invention are described With reference to the accompanying 
draWings. 

[0029] FIG. 1 is a functional block diagram of a receiver 
according to a ?rst embodiment of the present invention. 
The receiver 100 comprises a delay pro?le generator 102 
Which receives a signal Which is transmitted by the OFDM 
method so as to generate a delay pro?le regarding the 
received signal. The output of the delay pro?le generator 
102 is provided to the FFT 104 Which performs FFT on the 
input signal. Besides, for brevity, the portions Which perform 
the serial-to-parallel conversion and the parallel-to-serial 
conversion related to the FFT process and the beloW IFFT 
(Inverse FFT) process are omitted. The receiver 100 com 
prises a demodulator 106, the demodulator 106 comprising 
a FFT 108 Which performs FFT on the received signal and 
a channel compensation unit 110 Which is connected to the 
FFT 108. The channel compensation unit 110 based on the 
information from the delay pro?le 102 Which is obtained via 
the FFT 104 adjusts per sub-carrier the amplitude and the 
phase of the signal from the FFT 108 so as to output the 
demodulated signals. 

[0030] The receiver 100 comprises a hard-decision unit 
112 Which is connected to the demodulator 106, the hard 
decision unit 112 making a hard-decision per sub-carrier on 
the signal point Which is obtained from the demodulator 106. 
The receiver 100 comprises a replica generator 114 Which is 
connected to the hard-decision unit 112. The replica gen 
erator 114 is connected to the hard-decision unit 112 and 
comprises an IFFT 116 Which performs inverse FFT. The 
replica generator 114 comprises a received signal modi?er 
118 Which is connected to the IFFT 116, the received signal 
modi?er 118 comprising a suppression unit 120 Which 
suppresses an interfering component Within the received 
signal and an adder 122 Which adds a predetermined signal 
component to the interference section having the interfering 
component included. The replica generator 114 comprises a 
FFT 124 Which is connected to the received signal modi?er 
118 so as to perform FFT. Furthermore, the replica generator 
114 comprises a channel compensation unit 126 Which is 
connected to the FFT 124. An output of the channel com 
pensation unit 126 is a replica signal per sub-carrier, the 
replica signal providing an output of the replica generator 
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114. The receiver 100 comprises an ICI suppression unit 
128, the suppression unit 128 suppressing Inter-Carrier 
Interference (ICI) by adding the difference betWeen the input 
and the output of the replica generator 114 to the demodu 
lated signals from the demodulator 106. 

[0031] Furthermore, the receiver 100 comprises the hard 
decision unit 130 Which is connected to the ICI suppression 
unit 128 so as to make a hard decision per sub-carrier on the 
signal point. The receiver 100 comprises an IFFT 132 Which 
is connected to the hard-decision unit 130 so as to perform 
IFFT. The receiver 100 comprises a delay unit 134 Which is 
connected to the IFFT 132 so as to delay the input signal by 
one symbol period. The delay unit 134 is connected to the 
suppression unit 120 Within the received signal modi?er 
118. 

[0032] The operations are described beloW. The OFDM 
signal Which is received at the receiver 100 is converted to 
a baseband signal via a Wireless unit (not illustrated) so as 
to be input to the delay pro?le generator 102 after the 
removing of the guard interval. The delay pro?le generator 
102 ?nds the timing, the amplitude (or the energy), and the 
phase of a preceding Wave included in the received signal r 
and a plurality of delayed Waves arriving With a delay 
relative to the preceding Wave. The respective delayed 
Waves are also called “multi-path components”, or just 
“paths”. The information regarding the delay pro?le (the 
timing, the amplitude and the phase) is provided to the 
received signal modi?er 118 Which performs processing in 
the time domain. Also, the information regarding the delay 
pro?le is provided to the channel compensation units 110 
and 126 after being further converted to information in the 
frequency domain at the FFT 104. For brevity, it is assumed 
that the received signal includes only tWo paths and the 
delay time of the delayed Wave relative to the preceding 
Wave is longer than the length of the guard interval. 

[0033] The received signal r is demodulated via the FFT 
108 and the channel compensation unit 110 at the demodu 
lator 106 so as to output the demodulated signals d—i (Where 
i=1, . . . , N, and N is the number of sub-carriers). As the 
received signal includes a delayed Wave having a delay 
longer than the guard interval, the demodulated signals d—i 
are projected to be distorted relative to the original signals. 
The demodulated signals d—i are provided to the hard 
decision unit 112 so that a hard decision is made per 
sub-carrier, the hard-decision unit 112 converting the respec 
tive demodulated signals d—i to hard-decision signals D-i. 
The hard-decision signals D-i are input to the IFFT 116 so 
as to be converted to the received signal in the time domain. 
The received signal in the time domain is modi?ed at the 
received signal modi?er 118. 

[0034] FIG. 2 is a diagram Which illustrates a preceding 
Wave 202 and a delayed Wave 204 Which are included in the 
received signal. Although the preceding Wave 202 and the 
delayed Wave 204 are depicted separately, the Waves overlap 
to comprise the received signal. As illustrated in FIG. 2, the 
kth OFDM symbols 206 and 208 Which are the present 
demodulating targets, the preceding (k—1)th OFDM symbols 
210 and 212, and the guard intervals 214 and 216 are 
depicted. The receiver receives a series of OFDM symbols 
so as to sequentially demodulate the OFDM symbols. Fou 
rier transform at the time of demodulation is performed by 
aligning to an effective symbol period of the preceding Wave 
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(the part illustrated With the reference number 206 in the 
case of demodulating the kth OFDM symbol). In this case, 
as for the same symbol (the kth OFDM symbol) Which is 
included in both the preceding and the delayed Waves, there 
is very little inter-symbol interference because of the sub 
carrier orthogonality. HoWever, the inter-symbol interfer 
ence Which is produced betWeen different symbols provides 
an impact Which cannot be ignored. In this eXample, the kth 
OFDM symbol 206 in the preceding Wave 202 and the 
(k—1)th OFDM symbol 212 in the delayed Wave 204 (the 
interference section Which is illustrated as S-I) cause inter 
symbol interference. 

[0035] The received signal Which is affected by the inter 
symbol interference is demodulated at the demodulator 106 
so as to be output as the demodulated signals d—i. The 
demodulated signals d—i are provided With hard decisions at 
the hard-decision unit 112 so as to be output as the hard 
decision signals D-i. For eXample, assuming the case of 
QPSK modulation in Which the demodulated signal d—1 falls 
Within the ?rst quadrant of the signal constellation, the 
hard-decision signal D-1 Will be a symbol Which indicates 
(1,1). The hard-decision signals D-i are input to the IFFT 
116 so as to be converted to the received signal in the time 
domain 216. 

[0036] At the receiver 100, as the OFDM symbols are 
sequentially demodulated per reception of the symbols, the 
demodulation of the (k—1)th OFDM symbol Will have been 
completed by the time the kth OFDM symbol is demodu 
lated. The data of the (k—1)-th OFDM symbol is input to the 
hard-decision unit 130 per sub-carrier so as to be input to the 
IFFT 132 after the hard decision is made and to be input to 
the delay unit 134 Which performs buffering for one symbol 
period. Therefore, by the time the kth OFDM symbol is 
demodulated, the (k—1)-th OFDM symbol Will already have 
been demodulated and stored in the delay unit 134. 

[0037] At the received signal modi?er 118, the kth and the 
(k—1)-th received signals in the time domain are input. At the 
suppression unit 120, based on the timing, the amplitude and 
the phase relative to the delayed Wave from the delay pro?le 
generator 102, the signal component of the interference 
section 5-1 which causes interference at the time of the 
demodulation of the kth OFDM symbol is extracted from 
Within the (k—1)-th OFDM symbol. Then, the timing, the 
amplitude, and the phase are adjusted so as to offset the 
signal component of the interference section 5-1 of the 
delayed Wave Which is included in the received signal in the 
time domain. Besides, the interference section 5-1 is the 
latter portion of the (k—1)-th OFDM symbol in the delayed 
Wave, the length of the section corresponding to the duration 
Which is derived by subtracting the length of the guard 
interval GI from the delay amount '5 of the delayed Wave 
204. 

[0038] Furthermore, at the adder 122, the section having 
the length '5 (Where '5 equals the delay amount of the delayed 
Wave) Which precedes the kth OFDM symbol in the delayed 
Wave 204 is added to the signal from the suppression unit 
120, While the timing, the amplitude, and the phase are 
adjusted so as to be made equal to S-k Which is the latter 
portion of the kth OFDM symbol. The length of S-k is equal 
to "c, the contents of the signal being equal to the tail-end 
portion of the kth OFDM symbol Which is tentatively 
demodulated at the present. 
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[0039] In other Words, the received signal modi?er 118 
modi?es a portion of the delayed Wave 204 Which is 
included in the received signal, the modi?cation removing 
the interfering portion S-I of the (k—1)-th OFDM symbol so 
as to make the signal contents of the removed section S-I and 
those of the guard interval 216 portion equal to S-k. 
Besides, as the guard interval 216 portion equals the tail-end 
section of the kth OFDM symbol, the section in Which the 
signal contents are actually modi?ed at the received signal 
modi?er 118 is the section corresponding to the interference 
portion S-I. The modi?ed received signal Will not include a 
signal component Which causes inter-symbol interference 
With the kth OFDM symbol. 

[0040] The received signal Which is modi?ed at the 
received signal modi?er 118 is provided to the FFT 124 so 
as to be input to the channel estimator 126 after being 
Fourier-transformed and to be output as the replica signal 
d—i per sub-carrier. 

[0041] After adding to the demodulated signals d—i the 
difference betWeen the hard-decision signals D-i and the 
replica signals d—i, the ICI suppression unit 128 outputs the 
modi?ed demodulated signal per sub-carrier. The output 
signal of the received signal modi?er 118 includes the signal 
component regarding the preceding and the delayed Waves, 
the signal component regarding the delayed Wave modi?ed 
for the kth OFDM symbol so as not to cause the inter 
symbol interference. When the output signal is Fourier 
transformed at the FFT 124 so as to compensate for the 
transmission channel, the replica signal having no inter 
symbol interference impact is obtained per sub-carrier. On 
the other hand, the impact of inter-carrier interference on the 
received, signal ripples through all sub-carriers as it is White 
to the respective carriers (or the inter-carrier interference has 
no frequency selectivity). Therefore, the difference betWeen 
the input and the output signals at the replica generator 114 
becomes the signal Which indicates the impact of the inter 
symbol interference (inter-carrier interference) per sub-car 
rier. The removal of the difference from the demodulated 
signals d—i enables the obtaining of the demodulated signals 
With the inter-carrier interference suppressed. The output 
signals of the ICI suppression unit 128 are provided to a 
latter stage processor (not illustrated), and also to the hard 
decision unit 130 in order to provide for the demodulation of 
the subsequent (k+1)th OFDM symbol. 

[0042] FIG. 3 illustrates a functional block diagram of a 
receiver according to a second embodiment of the present 
invention. The receiver 300 comprises the delay pro?le 
generator 302 Which receives the OFDM signal so as to 
generate the delay pro?le. The delay pro?le generator 302 is 
connected to the FFT 304 Which performs FFT. Besides, for 
brevity, the portions Which perform the serial-parallel con 
version and/or the parallel-to-serial conversion related to 
FFT or IFFT are omitted. The receiver 300 comprises the 
demodulator 306, the demodulator 306 comprising the FFT 
308 Which performs FFT and the channel compensation unit 
310 Which is connected to the FFT 308. The channel 
compensation unit 310 adjusts the amplitude and the phase 
of the output signals of the FFT 308 based on the delay 
pro?le so as to output the demodulated signal per sub 
carrier. 

[0043] The receiver 300 comprises the hard-decision unit 
312 Which is connected to the demodulator 306, the hard 
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decision unit 312 making the hard decision per sub-carrier 
on the signal point Which is obtained from the demodulator 
306. The receiver 300 comprises the replica generator 314 
Which is connected to the hard-decision unit 312. The replica 
generator 314 comprises the IFFT 316 Which is connected to 
the hard-decision unit 312 so as to perform inverse FFT. The 
replica generator 314 comprises the received signal modi?er 
318 Which is connected to the IFFT 316, the received signal 
modi?er 318 adding a predetermined signal component to 
the section in Which the interfering component is included 
Within the received signal. The replica generator 314 com 
prises the FFT 324 Which is connected to the received signal 
modi?er 318 so as to perform FFT. Furthermore, the replica 
generator 314 comprises the channel compensation unit 326 
Which is connected to the FFT 324. The outputs of the 
channel compensation unit 326 are adapted to be the outputs 
of the replica generator 314. The receiver 300 comprises the 
ICI suppression unit 328, the ICI suppression unit 328 
suppressing the inter-carrier interference by adding to the 
demodulated signals from the demodulator 306 the differ 
ence betWeen the inputs and the outputs of the replica 
generator 314. 

[0044] The receiver 300 comprises the hard-decision unit 
330 Which is connected to the ICI suppression unit 328 so as 
to make the hard decision per sub-carrier on the signal point. 
The receiver 300 comprises the IFFT 332 Which is con 
nected to the hard-decision unit 330 so as to perform inverse 
FFT. The receiver 300 comprises the delay unit 334 Which 
is connected to the IFFT 332 so as to delay the input signal 
by one symbol period. 

[0045] Furthermore, the receiver 300 comprises an extrac 
tion unit 336 Which extracts the inter-symbol interfering 
component, the extraction unit 336 extracting the already 
demodulated OFDM symbol from the delay unit 334 and, 
based on the information from the delay pro?le generator 
302, the signal component of the interference section S-I 
Which causes the inter-symbol interference. The receiver 
300 comprises a suppression unit 338 Which suppresses the 
inter-symbol interfering component included in the received 
signal, the suppression unit 338 combining the interfering 
component included in the received signal With the signal 
component Which is extracted at the extraction unit 336 so 
as to offset the interfering component With the signal com 
ponent, and providing the signal, With the interfering com 
ponent removed, to the demodulator 308 at the latter stage. 

[0046] The operations are described beloW. Similar to the 
?rst embodiment, the OFDM signal Which is received at the 
receiver 300 is input to the delay pro?le generator 302. The 
delay pro?le generator 302 detects the timing, the amplitude 
(or the energy) and the phase of the plurality of delayed 
Waves Which arrive With a delay relative to the preceding 
Wave. The information regarding the delay pro?le (the 
timing, the amplitude, and the phase) is provided to the 
received signal modi?er 318 and the extraction unit 336 
Which perform processing in the time domain. Furthermore, 
the information regarding the delay pro?le is also provided 
to the channel compensation units 310 and 326 after being 
converted to the information in the frequency domain at the 
FFT 304. For brevity, it is assumed that the received signal 
contains only tWo paths and the delay time of the delayed 
Wave relative to the preceding Wave is longer than the length 
of the guard interval. 
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[0047] As the OFDM symbols are sequentially demodu 
lated per reception of the symbols, Where the kth symbol is 
the OFDM symbol to be demodulated at the present, the 
demodulation of the (k—1)th OFDM symbol Will have been 
already completed by the time the kth symbol is demodu 
lated. The respective data of the (k—1)th OFDM symbol are 
input to the hard-decision unit 330 per sub-carrier so as to 
have the hard decision made and then are input to the IFFT 
332 and then to the delay unit 334 so as to perform the 
buffering for one symbol period. Therefore, by the time the 
kth OFDM symbol is demodulated, the demodulation of the 
(k—1)th OFDM symbol Will already have been completed, 
and the results stored in the delay unit 334. 

[0048] At the extraction unit 336, the signal component of 
the interference section 5-1, which causes the interference at 
the time of demodulation of the kth OFDM symbol, from 
Within the (k—1)th OFDM symbol based on the timing, the 
amplitude, and the phase relative to the delayed Wave from 
the delay pro?le generator 302, is extracted (refer to FIG. 2). 
Then, the suppression unit 338 combines the signals of the 
interfering portion of the delayed Wave Which is included in 
the received signal and of the interfering portion 5-1 which 
is extracted at the extraction unit 336 so as to offset the 
portions While adjusting the amplitude and the phase of the 
portions. Besides, the adjustment of the timing, the ampli 
tude, and the phase for the combining may be performed 
either at the extraction unit 336 or at the timing of the 
combining at the suppression unit 338. The received signal, 
With the portion causing the inter-symbol interference Within 
the delayed Wave included in the received signal suppressed, 
is provided to the demodulator 306. 

[0049] The demodulator 306 demodulates the input signal 
by performing FFT and the channel compensation so as to 
output the demodulated signals d—i (Where i=1, . . . , N, and 

N is the number of sub-carriers). The demodulated signals 
d—i are provided to the hard-decision unit 312 so as to have 
the hard decision per sub-carrier made, the hard-decision 
unit 312 converting the respective demodulated signals d—i 
to the hard-decision signals D-i. The hard-decision signals 
D-i are input to the IFFT 316 so as to be converted to the 
received signal in the time domain. The received signal in 
the time domain is further modi?ed at the received signal 
modi?er 318. 

[0050] At the received signal modi?er 318, the section 
having the length of '5 Which precedes the kth OFDM symbol 
Within the delayed Wave 204 (in FIG. 2) is modi?ed so as 
to be made equal to the latter portion S-k of the kth OFDM 
symbol. The length of S-k equals '5, the contents of the 
signal being equal to the tail-end portion of the kth OFDM 
symbol Which is tentatively demodulated at the present. 

[0051] In other Words, the interfering portion S-I regard 
ing the (k—1)th OFDM symbol Within the received signal 
has already been removed at the suppression unit 338. The 
received signal modi?er 318 makes the signal contents of 
the removed section 5-1 and of the guard interval GI 216 
portion equal to S-k. Besides, the guard interval 216 portion 
equals the tail-end portion of the OFDM symbol so that the 
section to Which the actual modi?cation of the signal con 
tents is performed at the received signal modi?er 318 is the 
section corresponding to the interfering portion 5-1. 

[0052] The received signal Which is modi?ed at the 
received signal modi?er 318 is provided to the FFT 324 so 
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as to be Fourier-transformed and then input to the channel 
compensation unit 326 so as to be output as the replica signal 
d—i per sub-carrier. 

[0053] The ICI suppression unit 328 outputs per sub 
carrier the modi?ed demodulated signal by adding to the 
demodulated signals d—i the difference betWeen the hard 
decision signals D-i and the replica signals d—i. Similar to 
the ?rst embodiment, the output signal of the received signal 
modi?er 318 includes the signal component regarding the 
preceding and the delayed Waves, the signal component of 
the delayed Wave modi?ed so as not to cause the inter 
symbol interference With the kth OFDM symbol. When the 
output signal is Fourier-transformed at the FFT 324 so as to 
be compensated for the propagation channel, the replica 
signal having no impact of the inter-symbol interference is 
obtained per sub-carrier. Therefore, the difference betWeen 
the input and the output signals at the replica generator 314 
becomes the signal Which indicates the inter-symbol inter 
ference betWeen sub-carriers (inter-carrier interference). 
Therefore, the removal of the difference from the demodu 
lated signals d—i enables the obtaining of a demodulated 
signal With the inter-carrier interference suppressed. The 
output signal at the ICI suppression unit 328 is provided to 
a processor at the latter stage, not illustrated, and also to the 
hard-decision unit 330 in order to provide for the demodu 
lation of the subsequent (k+1)th OFDM symbol. 

[0054] According to the present embodiment, the provi 
sion of the extraction unit 336 and of the suppression unit 
338 enables the removal, before the demodulation at the 
demodulator 306, of the signal contents of the interfering 
portion 5-1 that causes the inter-symbol interference from 
the delayed Wave Within the received signal. Therefore, the 
demodulated signal d—i from the demodulator 306 Will have 
higher precision relative to the case of the ?rst embodiment 
in Which FFT, etc., are performed With the signal of the 
interference section S-I included in the received signal. This 
Will enable the improvement in the accuracy of the hard 
decision result at the hard-decision unit 312 so as to appro 
priately remove the inter-carrier interference. HoWever, the 
signal level of the interfering section Which is determined to 
cause interference (the section indicated as 5-1) from the 
delayed Wave Within the received signal Which is input to the 
demodulator 306 is made to be Zero (by adding the signal 
from the extraction unit). While the modi?ed delayed Wave 
Will not cause as large an inter-symbol interference as in the 
case of the ?rst embodiment, the demodulated signal at the 
demodulator 306 becomes someWhat distorted by setting all 
of the time-sampled information to be Zero. The distortion is 
suppressed at the ICI suppression unit 328. In the second 
embodiment of the present invention, the suppression of the 
inter-carrier interference With precision higher than that in 
the ?rst embodiment is enabled. On the other hand, the ?rst 
embodiment is more advantageous than the second embodi 
ment from the point of vieW of having a simpler con?gu 
ration. 

[0055] FIG. 4 is a diagram illustrating a variation of a 
hard-decision unit. In the present embodiment, an antenna 
diversity receiver is assumed. The hard-decision unit 402 
may be used in lieu of the hard-decision units 112 and 130 
of the ?rst embodiment, or the hard-decision units 312 and 
330 of the second embodiment. The hard-decision unit 402 
comprises a combiner 404 Which combines a ?rst demodu 
lated signal d—i(1) and a second demodulated signal d—i(2). 
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The hard-decision unit 402 comprises the decision unit 406 
Which makes the hard decision per sub-carrier on the respec 
tive combined demodulated signals. 

[0056] In the present embodiment, such means for pro 
cessing the received signal as those illustrated in FIG. 1 and 
in FIG. 3 are provided at the respective diversity branches. 
At the combiner 404, the demodulated signal at a certain 
diversity branch. (or the ?rst demodulated signal d—i(1)) and 
the demodulated signal at another diversity branch (or the 
second demodulated signal d—i(2)) are combined. Hereby, 
improvement in the precision of the demodulated signal and 
in the accuracy of the hard decision, and appropriate 
removal of inter-carrier interference are enabled. 

[0057] FIG. 5 is a diagram Which illustrates another 
variation of a hard-decision unit. The hard-decision unit 502 
may be used in lieu of the hard-decision units 112 and 130 
of the ?rst embodiment, or the hard-decision units 312 and 
330 of the second embodiment. The hard-decision unit 502 
comprises, for the demodulated signal per sub-carrier, an 
error-correction decoder 504 Which performs error-correc 
tion decoding, a decision unit 506 Which makes the hard 
decision, and an error-correction coder 508 Which performs 
error-correction coding. According to the present embodi 
ment, the hard decision is made after the error correction so 
as to enable the improvement in the precision of the hard 
decision. Hereby, the hard decision is performed With high 
precision, even When the servicing transmission line is in an 
adverse environment, so as to enable the appropriate 
removal of the inter-carrier interference. 

[0058] FIG. 6 is a functional block diagram of a receiver 
according to a third embodiment of the present invention. 
The receiver 600 comprises the delay pro?le generator 602 
Which generates the delay pro?le of the OFDM signal With 
the guard interval removed. The output of the delay pro?le 
generator 602 is provided to the FFT 604 Which performs the 
FFT. The receiver 600 comprises the demodulator 606, the 
demodulator 606 performing FFT on the received signal and 
channel compensation using the delay pro?le so as to output 
a ?rst demodulated signal A. 

[0059] The receiver 600 comprises a ?rst demodulated 
signal modi?er 603, the ?rst demodulated signal modi?er 
603 outputting a second demodulated signal B Which modi 
?es the ?rst demodulated signal A. The receiver 600 com 
prises a second demodulated signal modi?er 605, the second 
demodulated signal modi?er 605 outputting a third demodu 
lated signal C Which modi?es the second demodulated 
signal B. Furthermore, the receiver 600 comprises a third 
demodulated signal modi?er 607, the third demodulated 
signal modi?er 607 outputting a fourth demodulated signal 
D. As the ?rst through the third demodulated signal modi 
?ers 603, 605, and 607 comprise similar con?gurations, only 
the con?guration regarding the ?rst demodulated signal 
modi?er 603 is outlined. 

[0060] The ?rst demodulated signal modi?er 603, as in the 
?rst embodiment, comprises the 30 hard-decision unit 612 
Which makes the hard decision per sub-carrier on the ?rst 
demodulated signal A. The receiver 600 comprises the 
replica generator 614 Which is connected to the hard 
decision unit 612. The replica generator 35614 comprises 
the IFFT 616 Which is connected to the hard-decision unit 
612 so as to perform IFFT. The replica generator 614 
comprises the received signal modi?er 618 Which is con 
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nected to the IFFT 616, the received signal modi?er 618 
suppressing the interfering component Within the received 
signal so as to add a predetermined signal component to the 
portion Which has included the interfering component. The 
replica generator 614 comprises the FFT 624 Which is 
connected to the received signal modi?er 618 so as to 
perform FFT. Furthermore, the replica generator 614 com 
prises the channel compensation unit 626 Which is con 
nected to the FFT 624. The output of the channel compen 
sation unit 626 is the replica signal per sub-carrier, adapting 
the output of the replica generator 614. The receiver 600 
comprises the ICI suppression unit 628, the ICI suppression 
unit 628 suppressing the inter-carrier interference by adding 
per sub-carrier the difference betWeen the inputs and the 
outputs of the replica generator 614 to the demodulated 
signals from the demodulator 606. 

[0061] Furthermore, the receiver 600 comprises the hard 
decision unit 630 Which is connected to the ICI suppression 
unit 628 so as to make the hard decision per carrier on the 
signal point. The receiver 600 comprises the IFFT 632 
Which is connected to the hard-decision unit 630 so as to 
perform inverse Fourier transform. The receiver 600 com 
prises the delay unit 634 Which is connected to the IFFT 632 
so as to delay the input signal by a predetermined period. 

[0062] The operations are described beloW. The OFDM 
signal Which is received at the receiver 600 is converted to 
a baseband signal via a Wireless unit not illustrated so as to 
be input to the delay pro?le generator 602. The delay pro?le 
generator 602 determines the delay pro?le over a predeter 
mined period. The information regarding the delay pro?le 
(the timing, the amplitude, and the phase) is provided to the 
received signal modi?er 618 Which performs processing in 
the time domain. Furthermore, the information regarding the 
delay pro?le is further converted to information in the 
frequency domain at the FFT 604 so as to be subsequently 
provided to the demodulator 606 and the channel compen 
sation unit 626. 

[0063] The received signal is demodulated at the demodu 
lator 606 so as to output the ?rst demodulated signal A. The 
?rst demodulated signal A is provided to the hard-decision 
unit 612 so as to have the hard decision made per sub-carrier 
and to be converted to the hard-decision signal. The hard 
decision signal is input to the IFFT 616 so as to be converted 
to the received signal in the time domain. The received 
signal in the time domain is modi?ed at the received signal 
modi?er 618. 

[0064] At the receiver 600, as the OFDM symbols are 
sequentially demodulated per reception of the symbols, the 
demodulation of the OFDM symbols prior to and including 
the (k—1)th Will have been completed by the time the kth 
OFDM symbol is demodulated. The respective data of the 
OFDM symbols prior to and including the (k—1)th symbol 
are input per sub-carrier to the hard-decision unit 630 so as 
to have the hard decision made and to be subsequently input 
to the IFFT 632 and to the delay unit 634 so as to perform 
the buffering for one symbol period. 

[0065] At the received signal modi?er 618, the kth and the 
(k—1)th received signals in the time domain are input. 
Herein, the signal component of the interference section S-I 
Which Will cause interference at the time of demodulation of 
the kth OFDM symbol is extracted from Within the (k—1)th 
OFDM symbol. Then, the signals are combined by adjusting 
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the amplitude and the phase so as to offset the interfering 
portion 5-1 of the delayed Wave Which is included in the 
received signal in the time domain. Furthermore, at the 
received signal modi?er 618, the section having the length 
'5 Which precedes the kth OFDM symbol 208 in the delayed 
Wave 204 is modi?ed by adjusting the timing, the amplitude, 
and the phase so as to equal the latter portion S-k of the kth 
OFDM symbol in the delayed Wave 204. In other Words, the 
received signal modi?er 618 modi?es a portion of the 
delayed Wave 204 Which is included in the received signal, 
the modi?cation removing the interfering portion 5-1 of the 
(k—1)th OFDM symbol so as to make the signal contents of 
the removed section 5-1 and the guard interval GI 216 
portion equal to S-k. 

[0066] The received signal Which is modi?ed at the 
received signal modi?er 618 is provided to the FFT 624 so 
as to be Fourier-transformed and then input to the channel 
compensation unit 626 so as to be output per sub-carrier as 
the replica signals d—i. 

[0067] At the ICI suppression unit 628, the ?rst demodu 
lated signal A is added to the difference betWeen the hard 
decision signals D-i and the replica signals d—i so as to 
output per carrier the modi?ed demodulated signal. The 
output signal of the ICI suppression unit 628 is provided to 
the second demodulated signal modi?er 605 as the second 
demodulation signal B. The second and the third demodu 
lation signal modi?ers 605 and 607 comprise similar ele 
ments so that eventually the output signal of the third 
demodulated signal modi?er 607 is output as the fourth 
demodulated signal D. The fourth demodulated signal D is 
provided to the hard-decision unit 630 for subsequent pro 
cessing. 

[0068] According to the present embodiment, the ?rst 
through the third demodulated signal modi?ers 603 through 
607 are provided so that processing such as the hard 
decision processing on the demodulated signals, the genera 
tion of the replica signals, and the suppression of the 
inter-carrier interferences are repeated a plurality of times 
(three times in the present embodiment). Hereby, the obtain 
ing of demodulated signals With higher precision than in the 
case of the ?rst embodiment is enabled. 

[0069] FIG. 7 is a diagram Which illustrates a simulation 
result according to the embodiments of the present inven 
tion. In the simulation, a time-invariant tWo-path model is 
adopted as a transmission line model, assuming an adverse 
propagation environment With a desired-undesired poWer 
ratio of 0 dB and a signal-to-noise ratio of 20 dB. The phase 
difference of the delayed Wave relative to the preceding 
Wave is assumed to be 30 degrees. It is assumed that the 
number of sub-carriers is 1,024 and that one OFDM symbol 
comprises 1,224 symbols (of Which 200 samples are allo 
cated to the guard interval). The pilot symbol spacing of 16 
symbols and the modulation method of 16-QAM are 
assumed. 

[0070] In FIG. 7, the vertical aXis illustrates the Bit Error 
Rate (BER), While the horiZontal aXis illustrates the delay 
amount of the delayed Wave relative to the preceding Wave. 
The graph 702 illustrates the BER characteristics in the case 
of modulating Without performing the processing according 
to the embodiment of the present invention. The graph 704 
illustrates the BER characteristics in the case of performing 
the processing according to the embodiment as illustrated in 
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FIG. 3. The graph 706 illustrates the BER characteristics in 
the case of performing the processing according to the 
embodiment as illustrated in FIG. 6 (Where the number of 
repetitions is ?ve). As described above, as the guard interval 
has 200 samples, for both the cases according to the embodi 
ments of the present invention 704 and 706 and the case in 
Which the processing according to the embodiment of the 
present invention is not performed 702, the BER for the 
section in Which the delayed Wave covers up to 200 samples 
only shoWs a very small value of about 10_2. HoWever, as 
the delayed Wave covers beyond the guard interval (as the 
number of samples reaches 200 or more), the BER Will 
degrade. The fact that performing the processing according 
to the embodiments of the present invention provides a 
better BER is illustrated. Furthermore, as illustrated in 
graphs 704 and 706, it is understood that the repetitious 
modi?cation of the demodulated signal provides a good 
BER. 

[0071] It is possible to implement the hard-decision unit, 
the replica generator, and the ICI suppression unit, etc., 
according to the embodiments of the present invention as 
described above, at a relatively small siZe. Therefore, deal 
ing With the previously feared problems (such as the circuit 
siZe, the increase in the computational complexity and the 
poWer consumption) is enabled. Furthermore, as the units 
are not dependent upon the modulation method, the imple 
mentation of a system Without relying upon the modulation 
indeX M is enabled. Furthermore, as processing such as the 
Maximum-Likelihood Sequence Estimation (MLSE) is not 
performed, the maintenance of the soft-decision information 
is enabled. Besides, although the hard-decision process is 
performed in the embodiments of the present invention, the 
hard-decision process is performed for evaluating the inter 
carrier interference component Which is included in the 
demodulated signal d—i, the demodulated signal With the 
inter-carrier interference removed (the output of the ICI 
suppression unit) having the soft-decision information main 
tained. 

[0072] Although, in the embodiments of the present inven 
tion as described above, the modi?cation at the received 
signal modi?ers 118, 318, and 618 using the received signal 
in the time domain Which is reconstructed based on the result 
of the tentative demodulation at the demodulators 106, 306, 
and 606 is performed, it is also possible to perform modi 
?cation using other signals. For eXample, it is possible to 
perform the modulation using a knoWn signal Which is 
received for each of a predetermined number of OFDM 
symbols. The use of the knoWn signals at the transmitting 
and the receiving ends enables the modi?cation of the 
received signal at higher precision. The embodiments of the 
present invention assume that the contents of the already 
demodulated OFDM symbol that precedes the target OFDM 
symbol to be demodulated, are correct. Therefore, assuming 
that the demodulation result of the preceding OFDM symbol 
has errors, there is the fear that the errors may lead to a series 
of ripple effects on the subsequent demodulation results. In 
the case that such situations are feared, it is advantageous to 
improve the accuracy of the demodulation by using the 
knoWn signal. 

[0073] The present application is based on Japanese Pri 
ority Application No. 2003-078717 ?led Mar. 20, 2003, With 
the Japanese Patent Of?ce, the entire contents of Which are 
hereby incorporated by reference. 
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What is claimed is: 
1. A receiver Which demodulates an Orthogonal Fre 

quency Division Multiplexing symbol transmitted by an 
Orthogonal Frequency Division Multiplexing method, com 
prising: 

a delay pro?le generation unit Which generates a delay 
pro?le regarding a preceding Wave and a delayed Wave 
Which are included in a received signal; 

a demodulation unit Which demodulates said received 
signal so as to output a demodulated signal per sub 

carrier; 
a hard-decision unit Which makes a hard decision per 

sub-carrier on a signal point based on said demodulated 
signal so as to output a hard-decision signal; 

a replica generation unit Which uses the hard-decision 
signal to generate a replica signal per sub-carrier; and 

an inter-carrier interference suppression unit Which adds 
a difference betWeen said hard-decision signal and said 
replica signal to said demodulated signal so as to 
suppress an inter-carrier interference; 

Wherein said replica generation unit comprises: 

a time-domain received signal generation unit Which 
inverse-Fourier transforms said hard-decision signal 
so as to generate a received signal in time domain; 

a signal component suppression unit Which suppresses, 
by using a preceding symbol that is an already 
demodulated OFDM symbol Which precedes a target 
demodulating symbol that is a target OFDM symbol 
to be demodulated, a signal component of said 
preceding symbol Which is included in said delayed 
Wave; 

a modi?ed received signal generation unit Which adds, 
before said target demodulating symbol in said 
delayed Wave, a portion of said received signal in 
said time domain; and 

a replica signal generation unit Which generates said 
replica signal by Fourier-transforming said modi?ed 
received signal. 

2. The receiver as claimed in claim 1, 

Wherein said hard-decision unit is adapted to make the 
hard decision, per sub-carrier on, the signal point based 
on a signal in Which said demodulated signal and the 
demodulated signal in another diversity branch are 
combined so as to output the hard-decision signal. 

3. The receiver as claimed in claim 1, 

Wherein said hard-decision unit comprises: 

a decoding unit Which error-correction decodes said 
demodulated signal; 

a decision unit Which makes the hard decision per sub 
carrier on an error-correction decoded signal point; and 

an output unit Which error-correction decodes the hard 
decision result so as to output said hard-decision signal. 

4. The receiver as claimed in claim 1, further comprising 
a multi-stage processing route Which performs a series of 
processing including generation of the hard-decision signal, 
generation of the replica signal, and suppression of the 
inter-carrier interference. 
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5. The receiver as claimed in claim 1, further comprising 
a modi?ed received signal generation unit Which further 
adds a portion of a knoWn signal Which is received per 
predetermined number of OFDM symbols before the 
demodulated symbol of said delayed Wave so as to generate 
the modi?ed received signal. 

6. The receiver as claimed in claim 1, 

Wherein said received signal is modi?ed so as to make 
signal contents of a portion preceding the target 
demodulating symbol, Which is included in the delayed 
Wave, equal to said portion of the received signal in the 
time domain. 

7. A receiver Which demodulates an Orthogonal Fre 
quency Division Multiplexing symbol transmitted by an 
Orthogonal Frequency Division Multiplexing method, com 
prising: 

a delay pro?le generation unit Which generates a delay 
pro?le regarding a preceding Wave and a delayed Wave 
Which are included in a received signal; 

a signal component suppression, unit Which suppresses, 
by using a preceding symbol that is an already-de 
modulated OFDM symbol Which precedes a target 
demodulating symbol that is a target OFDM symbol to 
be demodulated, a signal component of said preceding 
symbol Which is included in said delayed Wave; 

a demodulation unit Which demodulates said received 
signal so as to output a demodulated signal per sub 

carrier; 

a hard-decision unit Which makes a hard decision per 
sub-carrier on a signal point based on said demodulated 
signal so as to output a hard-decision signal; 

a replica generation unit Which uses the hard-decision 
signal to generate a replica signal per sub-carrier; and 

an inter-carrier interference suppression unit Which adds 
a difference betWeen said hard-decision signal and said 
replica signal to said demodulated signal so as to 
suppress an inter-carrier interference; 

Wherein said replica generation unit comprises: 

a time-domain received signal generation unit Which 
inverse-Fourier transforms said hard-decision signal 
so as to generate a received signal in time domain; 

a modi?ed received signal generation unit Which adds, 
before said target demodulating symbol in said 
delayed Wave, a portion of said received signal in 
said time domain; and 

a replica signal generation unit Which generates said 
replica signal by Fourier-transforming said modi?ed 
received signal. 

8. The receiver as claimed in claim 7, 

Wherein said hard-decision unit is adapted to make the 
hard decision per sub-carrier on the signal point based 
on a signal in Which said demodulated signal and the 
demodulated signal at another diversity branch are 
combined so as to output the hard-decision signal. 
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9. The receiver as claimed in claim 7, 

Wherein said hard-decision unit comprises: 

a decoding unit Which error-correction decodes said 
demodulated signal; 

a decision unit Which makes the hard decision per sub 
carrier on an error-correction decoded signal point; and 

an output unit Which error-correction decodes the hard 
decision result so as to output said hard-decision signal; 

10. The receiver as claimed in claim 7, further comprising 
a multi-stage processing route Which performs a series of 
processing including the generation of the hard-decision 
signal, the generation of the replica signal, and the suppres 
sion of the, inter-carrier interference. 
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11. The receiver as claimed in claim 7, further comprising 
a modi?ed received signal generation unit Which further 
adds, before the demodulated symbol in said delayed Wave, 
a portion of a knoWn signal Which is received per predeter 
mined number of OFDM symbols. 

12. The receiver as claimed in claim 7, 

Wherein said received signal is modi?ed so as to make 

signal contents of a portion preceding the target 
demodulating symbol, Which is included in the delayed 
Wave, to be equal to said portion of the received signal 
in the time domain. 


